Abstract Sulphate can be removed from wastewater by means of biological anaerobic reduction to sulphide. The reduction requires the presence of a substrate that can serve as an electron donor. Methanol is a suitable electron donor for sulphate reduction under thermophilic conditions. In an anaerobic system containing methanol and sulphate, acetogenic bacteria (AB) and methanogenic archaea (MA) compete with sulphate reducing bacteria (SRB) for methanol or its degradation intermediates. Previously obtained results indicate that at 65°C SRB and MA mainly compete for the intermediate hydrogen instead of methanol. For efficient use of methanol as electron donor for sulphate reduction it is important that for the treatment of sulphate wastewater in an anaerobic reactor SRB out-compete MA. The mechanisms that determine the outcome of the competition are, however, not well understood. This paper describes a model based on growth kinetics of methanol-oxidising AB, and hydrogen-consuming SRB and MA, that can describe the competition between SRB and MA in a methanol-fed bioreactor. We present the model and its calibration using experimental data, and we discuss its shortcomings and suggest possible improvements.
Introduction
Wastewaters rich in sulphate are produced by many industrial processes that use sulphurous compounds (sulphuric acid in food industry, sulphite in tanneries, thiosulphate in photographic industry, etc.) or use sulphur-rich sources (seafood processing industry). Other sulphate-rich wastewaters are generated during leaching of sulphur-rich soils (landfills, mines) or as a result of the scrubbing of flue-gases from combustion of sulphur containing fuel in power plants and other industrial processes.
Sulphate can be removed from wastewater by means of biological anaerobic reduction to sulphide (Weijma, 2000) , followed by chemical or biological oxidation to elemental sulphur (Janssen et al., 1997) . The sulphur may be reused for the production of sulphuric acid, a base chemical that has a multitude of applications. The anaerobic stage requires the presence of inorganic (hydrogen) or organic substrate that serves as electron donor for sulphate reduction. Many sulphate wastewaters, however, do not contain enough substrate for complete sulphate reduction, and the addition of an appropriate electron donor is required. For this purpose methanol is a suitable compound because it is relatively cheap.
In an anaerobic system containing methanol and sulphate, acetogenic bacteria (AB) and methanogenic archaea (MA) compete with sulphate reducing bacteria (SRB) for methanol or its possible degradation intermediates. For efficient use of methanol as an electron donor for sulphate reduction it is important that the SRB rapidly and completely out-compete the MA. Results obtained previously in our laboratory indicate that at 65°C methanol supports high rates of sulphate reduction in anaerobic reactors. However, intense methanogenesis also occurred for prolonged periods. It was also found that SRB and MA mainly compete for the intermediate hydrogen instead of methanol (Weijma, 2000) . Hydrogen can be formed from methanol by, for instance, homoacetogenic bacteria (Davidova and Stams, 1996) . The mechanisms that determine the outcome of the competition between SRB and MA in methanol-fed reactors are not well understood.
Dynamic models are a powerful tool to understand process mechanisms, as they allow the testing of hypotheses on these mechanisms by comparing model predictions with experimental measurements. The aim of the work described in this paper was to develop a model based on growth kinetics of methanol-oxidising AB, and hydrogen-consuming SRB and MA, that can describe the competition between SRB and MA in a methanol-fed bioreactor. In this paper we present the model and its calibration using experimental data, and we discuss its shortcomings and suggest possible improvements.
Model
A simple anaerobic model is proposed that describes three processes (growth of AB, SRB and MA) and four state variables (methanol, S MeOH ; hydrogen, S H2 ; sulphate, S SO4 and methane S CH4 ). A scheme of the conversions is depicted in Figure 1 . The following assumptions are made.
• Conversion rates are a function of substrate concentration according to Monodrelationships.
• Biomass decay is neglected.
• SRB and MA stop growing below certain hydrogen threshold concentrations, S H2tSRB and S H2tMA , respectively. Table 1 presents the model in matrix format. This format is general practice in activated sludge modelling (Henze et al., 1999) , and will also be used by the Anaerobic Digestion Task Group to present their model (IWA, 2001) . This representation allows a clear overview of all processes and components, and facilitates the display and understanding of 
modifications and extensions. Table 2 shows the values of parameters assumed known and the initial estimates of parameters to be calibrated. The model is calibrated by using measurements of concentration methanol (S MeOH ) sulphate (S SO4 ) and methane (S CH4 ) from batch experiments. Because growth is negligible within the time frame of the batch experiments, biomass concentrations X are assumed constant. Absolute concentrations of active biomass are not known. Therefore, parameter combinations µ m X are estimated here.
Materials and methods
A continuous laboratory-scale 4 litre EGSB reactor was operated at 65°C and pH 7.5, and fed with a synthetic effluent consisting of methanol, sulphate and nutrients. Effluent recycling was applied to maintain the upflow liquid velocity at 3 m h -1 . For the batch experiments, the feed was interrupted, and at different time instants samples were taken for the determination of sulphate and methanol concentration, and methane production . Data sets from two experiments with different sludges were obtained. In the first experiment sulphate was in excess and, in addition, the methane production appeared to be negligible. In the second experiment methanol was in excess and methane production was significant.
The data were used to optimise the model to obtain parameter estimates. The least squares method in combination with the Levenberg-Marquardt search method incorporated in Matlab was used for the parameter estimation.
Results and discussion
In the first experiment methane production appeared to be negligible and it was concluded that in the sludge SRB had practically out-competed MA. Therefore, the calibration was done with the model excluding growth of MA. Moreover, because during the measurements the condition S SO4 >>K SRBSO4 was satisfied, the third term in the rate equation for SRB could be assumed equal to one. Figure 2 shows the measurements along with the calibrated model curves. A reasonable model fit is obtained. Parameter estimates for this optimisation are presented in Table 3 . From the combined parameter µ mSRB X SRB the concentration of SRB can be calculated by using the value of µ mSRB in Table 2 , giving 3,890 gCOD m -3 . Limited data are available on µ mAB . Using a value of 1.68 d -1 (Table 2 ) the concentration of AB would be only 150 gCOD m -3 which is lower than normally assumed. The affinity of AB for methanol amounts to 15 gCOD m -3 which seems very low. The calculated S H2 , also depicted in Figure 2 , remains constant during the experiments at 8.6 × 10 -3 g m -3 (a value that is in agreement with our measurements in other experiments) and decreases sharply when all methanol is degraded. Standard deviations of the estimated parameters (Table 3) can be obtained from the square roots of the main diagonal of the covariance matrix that is generated from the optimisation software. From the standard deviations it is clear that the parameters can be estimated accurately with the given data set.
A residual plot is obtained by plotting the difference between the model value and the measured value against time, as is illustrated for S MeOH (Figure 3) . The residuals are not randomly distributed around the zero-axis, indicating a systematic error possibly caused by an inappropriate model structure.
For the optimisation using the data of the second experiment the consumption of hydrogen by MA was included in the model, and, because S SO4 was limiting, the third term in the rate equation for SRB was also included. The parameters obtained from the first data set were initially used and fixed, whereas µ mMA X MA and K MAH2 were estimated (Table 3) . However, this resulted in a poor model fit. Therefore, µ mAB X AB and µ mSRB X SRB , were estimated again for this data set, because these parameters appeared most sensitive. Figure 4 shows the result of the optimisation, and Figure 5 shows the contour plots of the sum of squared errors.
From the standard deviations it is clear that µ mAB X AB is the best identifiable parameter and that µ mMA X MA and K MAH2 cannot be estimated accurately with the given data set. This can also be seen from the contour plots which show good identifiability for µ mAB X AB and H. Spanjers et al. poor identifiability for µ mMA X MA and K MAH2 ( Figure 5 ). This is also confirmed by the covariance matrix:
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Note that the second data set yields other values for µ mAB X AB and µ mSRB X SRB than the first set, indicating different kinetic characteristics of the two different sludges. The measurements show a sharp increase in the production rate of methane at 3.2 hours, when S SO4 becomes zero and SRB stop consuming hydrogen. The model shows the same trend but predicts a higher increase of the methane production rate.
Experimental evidence suggests that formation of acetate is an intrinsic feature of thermophilic methanol degradation under sulphate-reducing conditions . Neglecting acetate formation might explain the indication of an inappropriate model structure as shown in this paper. Further research will focus on the inclusion in the model of acetate formation from methanol, and the experimental verification by measurement of acetate concentrations.
Another modification concerns an alternative modelling of the effect of the hydrogen threshold. In the original approach (Table 1) rates become negative if S H2 <S H2t , which is obviously not correct. In the optimisation software this was solved by defining a constraint, i.e. setting the process rate to zero if S H2 <S H2t , however, this appears to be numerically inappropriate. In subsequent research we investigate a numerically more convenient switching function that practically turns off the process rate at low values of S H2 .
Conclusions
• The proposed model for the competition between SRB and MA can reasonably describe the experimental data.
• For AB accurate kinetic parameter estimates can be obtained. However, the estimated affinity coefficient appears to be very low. • The data from two different experiments (different initial methanol to sulphate ratio and methanogenic activity) yield different values for the AB parameters.
• The parameters for MA cannot be estimated accurately.
• Two model modifications to improve the model are proposed for further research.
